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Air qualityAbstract Fine particulate matter (PM2.5) can penetrate deeper into the respiratory systems and
cause various health problems. In this paper satellite-derived PM2.5 concentrations, which provide
better spatial coverage in the form of satellite-imageries are used to analyse the spatial and temporal
distributions of PM2.5 in Saudi Arabia. PM2.5 concentrations (lg/m
3) are estimated using the rela-
tionship between Aerosol Optical Depth (AOD) and PM2.5 concentrations from satellite images,
such as those of the Moderate Resolution Imaging Spectroradiometer (MODIS). PM2.5 concentra-
tions varied both temporally and spatially and there was a negative south to north trend in PM2.5
levels. Dammam showed the highest whereas Tabuk showed the lowest PM2.5 concentrations. Tem-
porally all cities demonstrated a positive trend, except At-Taif and Madinah. The positive trend was
significant only in Dammam, Hofuf, Khobar, and Nijran. In most of the cities due to lack of data,
ground level PM2.5 concentrations could not be compared with satellite-derived data, except in
Makkah, where a comparison is made between observed and satellite-derived data for years
2001–2007. Both sets of data in Makkah showed positive trends, however satellite-derived concen-
trations were lower roughly by a factor of 2.5. Remote sensing successfully supplements the ground
level air quality monitoring programme and helps better understand the spatial variability of
atmospheric pollutants, especially on a large scale, such as regional or global scale. Further com-
parison between observed and satellite-derived data is required over a larger spatial and temporal
resolution.
 2016NationalAuthority forRemote Sensing and Space Sciences. Production and hosting byElsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).1. Introduction
Atmospheric particulate matter has been recognised as one of
the major environmental problems due to its health and envi-
ronmental impacts. Particles enter human body during inhala-
tion process and accumulate in the respiratory system, where
196 S. Munir et al.the particles cause respiratory and cardio-vascular illnesses
(COMEAP, 2011). In addition, particulate matter may reduce
visibility by scattering and absorption of radiation.
Habeebullah (2013) has analysed the levels of particulate mat-
ter with aerodynamic diameter of 10 micron or less (PM10) in
Makkah and evaluated its potential health impacts. Habeebul-
lah op. cit. reported that Makkah experiences high levels of
PM10 and often exceed air quality standards (Table 1), which
could cause potential health and environmental impacts.
Particulate matter, when breathed in can cause several
health problems, which include asthma, rhinosinusitis, chronic
obstructive pulmonary diseases and respiratory tract infections
(WHO, 2003; Walters and Ayres, 2001). Particulate matter,
especially the fine particulate matter (PM2.5) is considered
the most dangerous atmospheric pollutant in terms of its
health effects. Researchers have focused on PM2.5 as a metric
more closely associated with adverse human health effects than
the larger particle size (AQEG, 2012). The UK Committee on
the Medical Effects of Air Pollutants (COMEAP, 2009, 2010)
has published detailed reports on the impacts of PM2.5 on
human health, which quantify the potential negative effects
of PM2.5 and emphasise on taking measures to control its emis-
sions. This shows the importance of characterising the spatial
and temporal variability of PM2.5 in Saudi Arabia and else-
where in the world.
Saudi Arabia is located in an arid region, where frequent
dust storms take place Alharbi et al. (2013) analysed the
impact of dust storms on air quality in Saud Arabia and
reported that dust storms caused widespread heavy atmo-
spheric dust load, very low visibility, airport shutdown and
damage to vehicles and trees across the Kingdom of SaudiTable 1 Air quality standards of various air pollutants set by WHO
the Kingdom of Saudi Arabia.
Air pollutant Organisation
SO2 (lg/m
3) PME
WHO
CO (mg/m3) PME
WHO
NO2 (lg/m
3) PME
WHO
Ozone (lg/m3) PME
WHO
PM10 (lg/m
3) PME
WHO
PM2.5 (lg/m
3) PME
WHOArabia. In addition to dust storms, other sources of atmo-
spheric aerosols in Saudi Arabia include heavy oil combustion,
resuspended soil, industrial emissions, traffic emissions and
marine sources (Khodeir et al., 2012). More recently, Munir
et al. (2013a) modelled PM10 concentrations to investigate
the effects of different meteorological factors and road
traffic-related air pollutants on PM10 in the city of Makkah,
Saudi Arabia. They concluded that meteorological variables,
especially temperature and wind speed were the major control-
ling factors of PM10 concentrations in Makkah. Topographic
map of Saudi Arabia is shown in Fig. 1, showing different
regions and their topographical characteristics.
Air quality worldwide including Saudi Arabia is monitored
using ground based air quality monitoring stations that mon-
itor various air pollutants at specific points. The continuous
monitoring network provides vital information for assessing
the levels of air pollutants. The measured data from such mon-
itoring stations are used for various purposes including com-
parison with air quality standards to determine if the levels
are exceeding the limits, determining air pollutant hotspots
and evaluating model performances. However, the main draw-
back is that such continuous monitoring stations provide data
only for specific points, where the monitoring stations are
installed. To provide a full spatial coverage of a large urban
area, there is a need for a vast network, which requires a huge
amount of resources. Alternatively, remote sensing tools can
be used to supplement the ground based monitoring. Satellite
images provide a wide coverage, which can help improve the
monitoring programmes. Remote sensing and GIS techniques
are also used for total ozone column assessment, flood moni-
toring and damage assessment, land use and crop rotationand the Presidency of Meteorology and Environment (PME) of
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Figure 1 Location map of Saudi Arabia.
Table 2 PM2.5 (1000) concentrations lg/m3 at selected cities in Saudi Arabia.
City/Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Tabuk 8389 8047 9340 7547 7637 9106 8915 9520 9150 8202
Jeddah 17,004 17,692 18,596 15,776 28,930 16,291 16,505 19,308 20,488 18,904
Madinah 12,248 13,868 12,274 11,150 11,411 12,550 10,188 10,439 9608 12,303
Makkah 15,350 16,604 17,577 14,464 28,533 14,295 16,087 17,957 18,717 17,876
At Taif 17,907 17,791 19,101 16,912 16,583 16,794 17,597 17,823 15,408 15,954
Abha 19,790 16,994 19,779 18,063 16,590 19,243 20,487 20,952 18,779 19,256
Jizan 28,239 31,011 34,428 31,926 30,618 32,750 33,174 33,805 36,116 31,657
Buraydah 9772 11,903 12,404 11,494 11,380 12,161 12,241 13,311 12,076 12,837
Najran 10,180 9454 9707 10,351 9475 10,600 10,878 11,146 11,275 11,369
Riyadh 11,076 12,913 12,631 13,376 13,739 13,746 13,068 16,757 16,334 12,829
Hofuf 14,638 13,674 16,701 14,988 14,790 15,385 16,372 16,856 18,980 17,173
Dammam 24,131 20,494 38,862 29,569 31,645 29,702 36,090 42,206 42,937 35,104
Spatiotemporal Analysis of Fine Particulate Matter 197analysis, natural resources management and environmental
problem assessment (Rajab et al., 2013; Haq et al., 2012;
Kato et al., 2012; Ogunbadewa, 2012; Sylla et al., 2011).A satellite-derived dataset relevant to fine particulate mat-
ter (PM2.5) is Aerosol Optical Depth (AOD), which is a mea-
surement of the scattering of light between the satellite and
Figure 2 PM2.5 concentrations (lg/m
3) multiplied by 1000 for year 2001–2006 in Saudi Arabia.
198 S. Munir et al.ground surface (De Sherbinin et al., 2014). AOD is available
from a number of satellites worldwide including NASA’s
Moderate Resolution Imaging Spectroradiometer (MODIS)
and Multi-angle Imaging Spectroradiometer (MISR) instru-
ments on the Terra satellite. It is shown that AOD is strongly
associated with PM2.5 and, therefore is used as a surrogate forPM2.5. Here we have used PM2.5 concentrations which are esti-
mated from AOD and are available from CIESIN website
(BMI and CIESIN, 2013). The AOD-PM2.5 relationship varies
spatially and temporally due to global and seasonal variations
in aerosol size, aerosol type, relative humidity and boundary
layer height (van Donkelaar et al., 2010).
Spatiotemporal Analysis of Fine Particulate Matter 199Although several authors (e.g., Munir et al., 2013a;
Habeebullah, 2013; Khodeir et al., 2012) have analysed partic-
ulate matter data in various cities, little work is done to study
the spatial and temporal variability of PM2.5 in the Kingdom
of Saudi Arabia. This is probably due to the fact that air qual-
ity data for the whole country are not available. There are air
quality monitoring networks in various cities but the network
in each city is sparse and does not provide a good spatial cov-
erage. Furthermore, different cities work individually and
there is no central network, which can make online data avail-
able for the whole country. In this manuscript, we have anal-
ysed the spatial variability of PM2.5 in Saudi Arabia and
quantified the temporal trends from 2001 to 2010 in several
selected cities using Global Annual Average PM2.5 data,
obtained from MODIS and MISR satellites (BMI and
CIESIN, 2013).2. Methodology
Global Annual Average atmospheric Particulate Matter with
aerodynamic diameter of 2.5 lm or less (PM2.5) data wereFigure 3 PM2.5 concentrations (lg/m
3) multipliedobtained from Moderate Resolution Imaging Spectro-
radiometer (MODIS) and Multi-angle Imaging Spectro-
Radiometer (MISR) Aerosol Optical Depth (AOD) satellite
data (BMI and CIESIN, 2013). The gridded data provide a
continuous surface of PM2.5 concentrations (lg/m
3) with a
grid cell resolution of 30 arc-minutes (0.5 degree or approxi-
mately 50 sq. km at the equator), covering the world from lat-
itude 70N to 60S. The satellite-derived PM2.5 concentrations
data layers (measured from 2001 to 2010) of Saudi Arabia
were extracted. Using ArcGIS, the grid data were manipulated
and concentrations for several selected cities were obtained.
These are the largest and well known cities of Saudi Arabia
and include: Tabuk, Jeddah, Madinah, Makkah, At-Taif,
Abha, Jizan, Buraydah, Najran, Riyadh, Hofuf, Saihat,
Dammam and Khobar. PM2.5 concentrations (lg/m
3) for var-
ious cities multiplied by 1000 are shown in Table 2. The aim
was to perform temporal and spatial analysis of the PM2.5
concentrations in these cities.
To quantify the temporal trends of PM2.5 during the
10 year period (2001–2010) at various cities in the Kingdom
of Saudi Arabia, we used TheilSen function, which is part of
the openair – package (Carslaw and Ropkins, 2012).by 1000 for year 2007–2010 in Saudi Arabia.
Figure 4 Difference of PM2.5 concentrations (lg/m
3) between 2010 and 2001 (2010–2001) in Saudi Arabia multiplied by 1000.
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Figure 5 PM2.5 concentrations (lg/m
3) of various cities averaged over the 10 years period (2001–2010).
200 S. Munir et al.Openair-package is a specialised package for air quality data
analysis and is run in statistical software R (R Development
Core Team, 2012). Trends are expressed in lgm3year1.
PM2.5 concentration is not normally distributed, thereforenon-parametric statistical tests are needed to be applied for
its analysis. TheilSen is a nonparametric approach and pro-
vides consistency between the p-values and the uncertainty
intervals in the slope, and therefore has been preferred over
Spatiotemporal Analysis of Fine Particulate Matter 201the other tests (e.g., Mann–Kendall test and linear regression
that can also be used for temporal trends analysis) (Carslaw
and Ropkins, 2012).
In Makkah PM10 concentrations are monitored at several
monitoring stations, however the monitoring of PM2.5 concen-
trations have been started recently and, therefore no historical
PM2.5 data were available for comparison. We had to use con-
version factors to convert observed PM10 to PM2.5. It is a
known fact that PM2.5 and PM10 ratios change from region
to region. Khodeir et al. (2012) calculated these ratios for
seven monitoring stations in Jeddah, Saudi Arabia during
2011. The monitoring stations were of different types of envi-
ronment and included residential, urban, suburban and traffic
monitoring stations. The ratios ranged from 0.25 to 0.52 and
their mean value was 0.33. In Makkah, un-published data
collected in Mina during the Hajj season 2010 showed
PM2.5/PM10 ratio of 0.38, which is slightly higher than that
of Jeddah. To come up with a ratio value to represent a wide
area, we averaged the ratios of Jeddah and Makkah ((0.33 +
0.38)/2 = 0.355). This (0.355) was used in calculation to con-
vert PM10 to PM2.5 in Makkah, which was compared with
satellite-derived PM2.5 concentrations. Hourly PM10 data from
year 2001 to 2007 were converted to PM2.5 from which annual
averages were calculated and compared with satellite-derived
PM2.5 concentrations. The observed data were obtained from
only one air quality monitoring station, which is known as
PME station and is situated near the Holy Mosque in
Makkah. It should be noted that such conversion of PM10 to
PM2.5 might introduce a degree of uncertainty. Therefore,
the results should be handled with caution.3. Results and discussion
3.1. Spatial analysis
Figs. 2 and 3 show the spatial variability of PM2.5 (lg/
m3  1000) in Saudi Arabia for years 2001–2006 and 2007–
2010, respectively. As expected, the concentrations vary from
year to year, however generally the concentrations are higher
in the southeastern region, known as Rubba Khali (which in0 
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Figure 6 PM2.5 concentrations (lg/m
3)English means the Empty Quarter). This region is mainly made
of sand dune and vast sandy deserts, and is of about 400,000
km2 area. This area experiences frequent sand storms, which
probably result in high levels of atmospheric aerosols. In addi-
tion, along both eastern and western borders, there are some
red cells indicating higher levels of PM2.5. The eastern and
western borders are both coastal borders, which are probably
causing the higher levels of PM2.5 in these areas. On coastal
areas a considerable amount of sea spray (sea salt aerosols)
is injected into the ambient atmosphere. Sea salt aerosols are
mainly made of sodium chloride (NaCl), but they also contain
other chemical ions, such as potassium (K+), magnesium
(Mg2+), calcium (Ca2+), sulphate (SO4
2), etc. Furthermore,
sea salt aerosols may contain a significant amount of organic
matter. Also, the southwestern border is situated next to a vol-
canic active region, experiencing frequent volcanic eruptions,
which are considered one of the major sources of fine and
ultra-fine aerosols in the atmosphere. Furthermore, the
south-western region contains an industrial and commercial
area Jeddah plus the most busy area of Makkah, which have
been reported to experience high levels of particulate matter,
especially during the Hajj and Ramadan seasons (e.g., Seroji,
2011; Othman et al., 2010; Khodeir et al., 2012; Munir et al.,
2013b; Habeebullah, 2013). In contrast, the north regions of
Saudi Arabia experience low levels of PM2.5 and this trend is
common to all years. The north of Saudi Arabia is the green-
belt and the depth of the ground water is much shallower than
the other regions. This probably has a significant effect on par-
ticulate matter levels by decreasing the levels of air quality
including PM2.5. In the greenbelt vegetation has negative
impact on PM2.5 levels. Vegetation affects PM2.5 in this region
through influencing particle deposition and dispersion
(Janhall, 2015).
Fig. 4 shows the difference in PM2.5 concentration between
2010 and 2001. Although in some areas of Saudi Arabia PM2.5
concentrations have decreased (shown by blue colour), in
majority of Saudi Arabia the levels of PM2.5 have increased.
The increase is particularly noticeable in the middle – eastern
part of the country, such as Dammam and Buraydah.
Dammam has a busy port and is a busy industrial region. In
addition, in Dammam the road traffic volume has increased05 2006 2007 2008 2009 2010 
Years
averaged of all cities in a single year.
Figure 7 Temporal trends of PM2.5 (lgm
3year1) at various cities in Saudi Arabia during 2001–2010.
202 S. Munir et al.considerably as anywhere else in Saudi Arabia (El-Sharkawy,
2013). A significant increase in the concentration of PM2.5
occurred in western-northern border, particularly near Iraqi
border as shown in Fig. 4. At the beginning of this century
the local government in these areas supported the farmers
and encouraged them to plant wheat and barley, therefore
an increase in greenbelt areas occurred. However, due to lack
of water resources the local government has forbidden them to
continue. This is probably one of the main reasons of increas-ing PM2.5 concentration in this area. The temporal trends of
different Saudi cities are quantified and further discussed in
Section 3.2.3.1.1. Analysis of selected cities
PM2.5 concentrations (lg/m
3  1000) from 2001 to 2010 in
various cities of the Saudi Arabia are shown in Table 2. It
can be observed in Table 2 that the levels of PM2.5 vary both
Table 3 Annual temporal trends of PM2.5 lgm
3yr1 at
various cities during 2001–2010 in Saudi Arabia.
City name Slope Upper Lower p.stars
Abha 165.94 655.47 126.29
At.Taif 229.47 211.00 375.74 +
Buraydah 198.49 477.54 1.81 +
Dammam 1992.26 3203.64 181.53 *
Hofuf 437.08 735.50 132.99 **
Jeddah 257.15 742.00 201.72
Jizan 457.50 983.95 273.06
Khobar 1992.26 3203.64 181.53 *
Madinah 320.37 6.11 571.24
Makkah 280.50 933.82 84.38
Najran 198.61 281.87 104.14 *
Riyadh 362.01 766.67 79.59
Saihat 1992.26 3203.64 181.53 *
Tabuk 89.75 254.98 106.18
Note: p.stars relate to how statistically significant the trend estimate
is: p < 0.001 = ***, p < 0.01 = **, p < 0.05 = * and p < 0.1 =
+. Cities having no * or + have insignificant trends.
Figure 8 Temporal trends of observed (lower) and satellite-
derive (upper) PM2.5 concentrations at Makkah.
Spatiotemporal Analysis of Fine Particulate Matter 203spatially and temporally. Generally, the cities near the eastern
border, such as Dammam and southwest border, such as Jizan
experience higher concentrations and those in the northwest,
such as Tabuk experience lower concentrations (Fig. 5). The
average lowest concentration was recorded in 2001 and 2002
and highest in 2008 and 2009 (Fig. 6). Overall, there is a pos-
itive trend over the ten-year period, shown by the red–trend
line in Fig. 6. Temporal trends are quantified in detail in
Section 3.2.
3.2. Analysis of temporal trend
In this section, the temporal trends of PM2.5 concentrations
(lg/m3) are quantified in various cities of Saudi Arabia. The
temporal trends are depicted in Fig. 7 for some selected cities,
for the rest of the cities the details are presented in Table 3.
Slope shows the amount of trend (positive or negative) per
year, whereas p.stars relate to how statistically significant the
trend estimate is, such as p< 0.001 = ***, p< 0.01 = **,
p< 0.05 = * and p< 0.1 =+. The cities with no * or + sign
show insignificant trends. In Fig. 7, the solid line represents the
slope, whereas the dotted line shows the upper and lower limits
of the slopes. Most of the cities showed positive trends. How-
ever, Madinah and At-Taif demonstrated negative trends. The
negative trend was not significant at Madinah, but significant
at At-Taif. Overall the slope is steeper at Madinah
(320.37 lgm3year1) than at the At-Taif (229.47 lgm3-
year1), but still Madinah shows insignificant trend. This is
probably due to the fact that PM2.5 concentration has
increased in 2006 and 2010 to the level observed in 2001. In
both cases probably improving the agricultural activities
improved air quality reducing PM2.5 levels. Dammam, Hofuf,
Khobar, Nijran, and Saihat showed a significant positive
trend. Hofuf showed a highly positive significant trend,
whereas Makkah showed a non-significant positive trend.
PM2.5 trend in Makkah and its possible reasons are discussed
in the next Section 3.3 in detail.3.3. Comparison between satellite-derived and observed PM2.5
concentrations in Makkah
In this section, we have analysed and compared the concentra-
tions of satellite-derived and observed PM2.5 in Makkah,
where several air quality monitoring stations measure various
air pollutant concentrations. In Makkah, particulate matter
levels are generally higher and exceed air quality standards.
In this study we have used data from PME air quality monitor-
ing station, situated near the Holy Mosque.
The comparison of observed (PM2.5_obs) and satellite-
derived (PM2.5_sat) concentrations is shown in Fig. 8. Note
that here both observed and satellite-derived PM2.5 concentra-
tions are shown in the actual units of lg/m3. Observed PM2.5
Figure 9 Normal clean day image (left) vs sand stormy day (right), November 2014 Makkah.
204 S. Munir et al.data were missing for 2008–2010, therefore the data only for
2001–2007 are shown in Fig. 8. The temporal trends are posi-
tive but non-significant for both observed (0.48 lgm3yr1)
(lower) and satellite-derived (0.28 lgm3yr1) (upper) data.
Generally the levels of observed PM2.5 are higher than the
satellite-derived one. Average observed PM2.5 level was
42 lg/m3, whereas satellite-derived PM2.5 level was 18 lg/m
3,
which is roughly lower by a factor of 2.5. Most of the PM2.5
emission sources in urban areas are near the ground level,
which is monitored by the air quality monitoring stations
(observed PM2.5). In contrast, the satellite images are taken
from overhead and represent the average concentration
PM2.5, which decreases with height (satellite – derived
PM2.5). This is probably the reason why observed concentra-
tions are significantly greater than the satellite derived PM2.5
concentrations.
Munir et al. (2013b) have analysed the temporal trends of
various air pollutants, including PM10 in Makkah during
1997–2012. In addition to mean trends, they have analysed
trends at various quantiles and have reported significantly pos-
itive trends in PM10 concentrations. Munir et al. (2013b) have
mentioned several reasons for the growing particulate concen-
trations in Makkah, which include growing number of diesel
vehicles, increasing construction activities in Makkah, chang-
ing weather patterns and increasing proportion of windblown
and re-suspended dust particles. In future studies the effect of
tall buildings and new design of the Holy mosque on the wind
flow and the particulate matter concentrations in and around
the Holy Mosque in Makkah will be analysed.
In several studies it is reported that meteorological param-
eters, especially high temperature and wind speed play and
important role in the high level of PM in Makkah (e.g.,
Munir et al., 2013a; Munir, 2015). This is probably due to
the arid region of Saudi Arabia, which receives very little rain-
fall and where temperature reaches as high as 50 C. These fac-
tors encourage atmospheric PM. In Fig. 9 it can be observed as
to how the levels of atmospheric dust differ in Makkah on a
normal clean day and on a windy stormy day. This probably
shows that in addition to PM emission sources, meteorology
plays an important role in controlling its levels.
4. Conclusions
In this article, the spatial and temporal variability of PM2.5
was analysed using satellite-derived data. Satellite-derived dataprovide better spatial coverage and can help improve air qual-
ity monitoring programmes. Measured data from continuous
air quality monitoring stations were not available for most
of the large cities in Saudi Arabia, therefore comprehensive
comparison of observed and satellite-derived PM2.5 concentra-
tions was not possible. However, PM10 concentrations were
converted to PM2.5 and compared with satellite-derive PM2.5
in Makkah during 2001 to 2007. Both sets of data showed pos-
itive trends in Makkah. The spatial analysis indicates higher
levels of PM2.5 in areas which are mostly affected by sand
storms, sea spray and volcanic eruptions. On the other hand,
most Saudi cities in the last decade witnessed a great and influ-
ential change in most daily life activities; a significant increase
in aspects of industrialisation (heavy duty and light industry),
constructions, number of vehicles, populations, commercial
activities, etc. which have probably caused the positive trends
in PM2.5 concentrations in several cities. This probably shows
that geographical and meteorological conditions are responsi-
ble for the high level of background PM2.5 concentrations,
whereas the anthropogenic sources make further contribution
in large urban agglomerations. More work is required for fur-
ther comparison between the satellite-derived and observed
PM2.5 data and to perform detailed source apportionment
studies in most of the large cities to determine the sources of
natural and anthropogenic emissions.Conflict of interest
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